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Recent events such as the 2010 Canterbury earthquakes and the 2011 Tohoku earthquake have
highlighted the importance of considering both mainshock and aftershock ground motion hazard
in the seismic design and performance assessment of buildings. Aftershock events have been
shown to exacerbate the damage caused by mainshocks and in some cases have led to collapse.
The risk of aftershock collapse also influences the post-mainshock decisions of owners and
occupiers regarding re-occupancy of damaged buildings, thereby affecting the recovery process.
While the threat posed by aftershocks is now well recognized, research to quantify the associated
risk is still in its infancy, particularly with regards to integrating the time-dependent aftershock
hazard with the increased vulnerability to collapse of damaged buildings.

Earthquake engineers lack well-founded consensus guidelines for selecting ground motion time
series for sequential mainshock-aftershock events for use in seismic performance assessment.
Past practice has seen sequences formed by coupling as-recorded mainshock and aftershock
records and by using repeated mainshock records for both event types. Using mainshock-
mainshock versus mainshock-aftershock record pairs, we assess the structural performance of
five ductile reinforced concrete frames with varying heights using sequential nonlinear response
history analyses. We find systematic differences in the frequency content of mainshock and
aftershock records, which in turn produce expected differences in structural responses
conditional on the dynamic characteristics of each structure. The outcome is measurable
differences in the structural response, with mainshock-mainshock sequences potentially over- or
under-estimating seismic demand and risk relative to the use of more appropriate mainshock-
aftershock record pairs. This finding holds true even when mainshock-mainshock sequences are
formed by preserving the magnitude and distance relationships between as-recorded mainshocks
and aftershocks. The correlation between event terms of mainshock and aftershock ground
motions recorded from the same sequence is found to have a significant impact on maximum
story drift ratio. We provide recommendations for aftershock record selection that draw upon
these results.
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1 INTRODUCTION

The notion of seismic resilience has gained significant attention in earthquake engineering
research, education and practice in recent years. Central to achieving seismic resilience is
understanding the role that buildings play in ensuring that communities can minimize the effects
of, adapt to, and recover from earthquakes [1]. Quantifying the risk of further damage to the built
environment from aftershocks is essential to post-mainshock decision-making, functionality and
recovery. The compounding effect of the damage and disruption caused by the earthquake
sequences in Chi-Chi (1999), Wenchuan (2008), Christchurch (2010-2011), Tohoku (2011) and
Central Italy (2016) are just a handful of real-life examples of the human and financial
implications of mainshock-aftershock event sequences [2-4].

Advances in nonlinear structural response simulation [5], classifying mainshock-aftershock
event sequences (e.g., [6]) and seismic hazard analysis for sequential events (e.g., [7-9]) provide
the essential ingredients to characterize structural performance to earthquake sequences.
However, prior work on this topic has employed inconsistent protocols for selecting ground
motions for event sequences and has not provided the needed insights required to arrive at
consensus procedures. We seek to fill this gap in the present study. To help frame the discussion,
it is useful at this stage to identify four approaches, most of which have been considered in
various forms in the literature:

1. MS-MS (mainshock-mainshock): Select ground motions for both events in the sequence

from earthquakes classified as mainshocks [10-15]. The second ground motion in an MS-
MS sequence can be a scaled or an unscaled version of the first or a different motion
selected from a database of mainshock recordings. As used here, the second recording in
an MS-MS sequence is not selected to represent the different source and path attributes of
mainshocks and aftershocks.

2. TG-MS-MS (targeted mainshock-mainshock): The second ground motion in the pair,
while recorded from a mainshock event, is selected to (as best as possible) match the
characteristics of an aftershock motion i.e. lower magnitude and larger rupture distance
than the first ground motion.

3. SS-MS-AS (same-sequence mainshock-aftershock): First and second event records taken
from recordings of mainshock and aftershocks from the same sequence (e.g., Northridge

earthquake mainshock and Northridge aftershocks). Most of the previous studies that



utilized mainshock-aftershock ground motions were done with SS-MS-AS record-pairs
[16-18].

4. DS-MS-AS (different-sequence mainshock-aftershock): Same as SS-MS-AS, but the first

and second event records are now taken from two different sequences.

Several considerations affect the characteristics of aftershock ground motions, conditional
upon the occurrence of a mainshock. First are implications for source and path — aftershocks are
generally smaller in magnitude [19] and, for the same site, have larger source-to-site distances
(as a result of having smaller rupture area compared to mainshocks) than their parent
mainshocks. Second, even when source and path differences are accounted for, evidence has
been found of mild correlation between attributes of mainshock and aftershock records belonging
to the same sequence [20]. SS-MS-AS record pairs can be considered “ideal” for sequential
response history analysis because they would naturally capture these relationships between
mainshock and aftershock ground motions. However, allowing for other constraints affecting
ground motion selection for nonlinear response history analyses (e.g. matching target M, R, Vg3,
directivity conditions, and & from hazard deaggregation), it may not be possible to adequately
populate an SS-MS-AS record set. Using DS-MS-AS record-pairs would allow access to a
broader pool of ground motions, which has obvious benefits, but at the cost of likely not
preserving within-sequence ground motion correlations (as noted by Boore et al. [20]).

A few studies have investigated differences in the dynamic response of structures subjected
to MS-MS and MS-AS sequences. Goda [16] compared the ductility demands imposed by MS-
MS and SS-MS-AS sequences. The MS-MS sequences were selected such that the distribution of
the magnitude of the event producing the second motion in the pair would match the aftershock
magnitude distribution predicted by Omori’s law [21]. As such, the MS-MS sequence used by
Goda [13] could be considered as TG-MS-MS, although the effects of different rupture distances
were not considered. A third foreshock-MS-MS sequence was also considered (originally
proposed by Hatzigeorgiou and Beskos [10]) in which foreshock and aftershock records are
scaled versions of mainshock records (factor of 0.85). The probability distribution of the peak
ductility demands developed for a set of single-degree-of-freedom (SDOF) structures with
different periods showed slight differences between responses obtained from the SS-MS-AS
record-pairs and the MS-MS sequences generated based on Omori’s law. The triad sequence
produced significantly higher peak ductility demands. In a separate study, Goda [22] compared



the collapse performance of a 2-story wood-frame building under both MS-MS and SS-MS-AS
ground motion pairs. Unlike in Goda [13], in this case the MS-MS sequence used the same
records in the second event as in the first. Not surprisingly, the MS-MS sequence produced
higher collapse probabilities than SS-MS-AS. Ruiz-Garcia [17] conducted a similar study using
two low- and mid-height steel frames and reached the same conclusion.

From these prior studies, it is clear that MS-MS sequences are more damaging to structures
than MS-AS sequences in which ground motions for the second event more accurately capture
attributes of aftershock ground motions. However, there are several gaps in the state of
knowledge pertaining to mainshock-aftershock record selection that we seek to address here,
specifically:

1. Is the correlation of ground motions from parent mainshocks to children aftershocks
significant with respect to seismic response demands in structures? We investigate this
using carefully selected SS-MS-AS and DS-MS-AS record sequences.

2. With suitable consideration of source and path differences between mainshocks and
aftershocks, can records be selected from mainshock databases to represent the effects of
aftershocks? We investigate this by comparing responses obtained using TG-MS-MS
sequences with those from SS-MS-AS.

Two other attributes of our study are distinct from prior work and are significant with respect to
the aim of answering the above questions. First, whereas prior work has considered SDOF or
multi-degree-of-freedom (MDOF) structures within a small period range, we use five realistic
structural models of reinforced concrete frame structures ranging in height from 2- to 20-stories.
The multi-mode responses inherent to such models, over a wide period range, is important to
assess the impact of alternate record selection protocols.

A second important attribute, elaborated upon in Section 2.2, is that we select ground
motions for the alternate suites such that the characteristics that are likely to impact the results of
response history analyses (e.g., € and Vy3,) are similar. This control on record selection has not
been exercised in prior studies [13, 14, 19]. This in an important feature of the selected record-
pair sets that would ensure that the differences observed in the structural response under the four
record-pair sets stem from the approach used to form the sequences and not the ground motion
characteristics that can be controlled for when selecting the record-pairs.



Drawing upon the lessons from prior work, and the insights gained by resolving the above
questions, we provide recommendations for selecting record-pairs for use in sequential response
history analysis. We seek to accurately represent attributes of realistic ground motion sequences
with due consideration of the constraints of record availability from the two event types. Lastly,
we demonstrate the collapse safety of the five studied RC buildings using risk-based metrics,

which also consider the effect of time-dependent aftershock hazard.



2 GROUND MOTION SELECTION FOR BUILDING AFTERSHOCK
SEISMIC PERFORMANCE ASSESSMENT

2.1 Previous studies on the differences in the frequency content of mainshock and
aftershock ground motions

An important question that arises when selecting record-pairs for aftershock seismic performance
assessment is whether it is appropriate to use mainshock-mainshock (MS-MS or TG-MS-MS)
sequences for response history analyses. Previous studies have demonstrated that the response
demand on a structure is significantly affected by the frequency content of the ground motion
that is used in the analysis [23-25]. As such, any systematic differences in the frequency content
of mainshock and aftershock records that are present after controlling for other characteristics
(e.9. M, R, V3, and €) would bias the results of aftershock performance assessments conducted
using MS-MS or TG-MS-MS ground motions. On the other hand, if no significant differences
are found, there is no need to be confined to the relatively limited library of the aftershock
ground maotions in selecting record-pairs. This section highlights previous studies related to this
question.

Although based on a limited dataset, Boore and Atkinson [26] reported a difference in the
magnitude scaling of spectral values of the mainshock and aftershock records from the 1985-
1988 Nahanni and Miramichi earthquakes. In a different approach, Ruiz-Garcia and Negrete-
Manriquez [18] examined the predominant period (7;) and bandwidth () of mainshock and
aftershock ground motions recorded from seismic events in California. T, is the period at which
the maximum pseudo spectral velocity of a 5%-damped SDOF occurs and  is a measure of how
the spectral amplitudes of a ground motion are scattered around its central period. Ruiz-Garcia
and Negrete-Manriquez reported a wider Q for aftershock records and a weak correlation
between the T, of the mainshocks and aftershocks.

The difference in the frequency content of mainshock and aftershock ground motions has
also been the subject of debate, specifically as it relates to the development of recent ground
motion models (GMMs). Using a systematic approach to compare ground motions that allows
for controlling the source and site characteristics (e.g. M, R), Boore et al. [20] examined the
correlation of event terms from parent mainshocks and their children aftershock using the PEER

NGA-West 2 database [27]. A mild correlation between the event terms was observed. No



adjustment for aftershocks was included in the final functional form of their GMM as the
difference between the event terms of mainshocks and average of event terms from aftershocks
was practically zero and independent of magnitude.

For the original NGA project [25], functional forms used in some of the GMMs included a
term to distinguish mainshocks from aftershocks. Abrahamson et al. [28] found that the median
of spectral values of aftershocks at short periods are smaller than those from similar mainshocks,
whereas at longer periods (> 0.75 sec) the aftershock spectral ordinates were larger. As shown in
Figure 2-1, Chiou and Youngs [29] reached a similar conclusion, but the transition from lower to
higher spectral ordinates (of aftershocks relative to mainshocks) was about 2.0 sec. Such a
relationship between S, values of mainshocks and aftershocks needs to be viewed in the context
of the different M and R expected for these two event types. Whereas aftershock demands will
generally be smaller (due to lower M and larger R), their spectral shape is different from that of
mainshocks as shown in Figure 2-1. Chiou and Youngs also found that for aftershocks, the style
of faulting had a smaller influence on the predicted spectral values, when compared to
mainshocks. On the other hand, the depth to top of rupture (Z;o) had a stronger influence on the

predictions made for aftershocks.
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Figure 2-1. Comparing the spectra of mainshock and aftershock records with similar magnitudes
obtained from the GMPE by Chiou and Youngs [29]

2.2 Ground Motions used for Mainshock-Aftershock Seismic Performance Assessment

Four sets of sequential ground motions are used for the seismic performance assessment. Each
set contains 25 record-pairs selected from the PEER NGA-West2, K-NET and KiK-net



databases. The first ground motion in each record-pair is from an event classified as a
‘mainshock’ in both databases whereas the second ground motion could be recorded from either
a ‘mainshock’ or ‘aftershock’ event. Table 2-1 describes the selection of records for the two
events in the sequence with respect to the attributes of the second event and attributes of the
selected ground motion. The mainshock-aftershock classification for the ground motions selected
from the PEER NGA-West2 database is based on the time and distance windowing algorithms
developed by Wooddell and Abrahamson [3] while the classification for the K-NET and KiK-net
databases is adopted from Goda [16], with a distance window based on Kagan [30] and a time

window of 90 days.

Table 2-1. Event and record sequence definitions adopted for simulations conducted in this study

Sequence notation 2" (aftershock) event 2" event record attributes’
attribute
MS-MS: Mainshock-mainshock Matches MS Matches MS record
DS-MS-AS: MS and AS records from Distinct: -1.0 M unit Selected from AS record
different event sequences (average), larger in R database, any event
sequence
TG-MS-MS: Targeted MS-MS sequence Distinct: -1.0 M unit Selected from MS record
(average), larger in R database
SS-MS-AS: MS and AS records from same  Distinct: M and R per Selected from AS records
event sequence natural sequence attributes  following MS event in
sequence

Lin all cases, records from first event taken from mainshock records database

For the MS-MS set, the second ground motion in the sequence is the same as the first. This
set is included because it represents a common approach in the literature.

The second ground motions in the DS-MS-AS sequences are recorded from aftershock
events. However, the mainshock and aftershock ground motion in each pair do not necessarily
belong to the same event sequence. Given that aftershocks are generally smaller in magnitude
than their preceding mainshocks [19], the aftershocks in this set are selected such that they are on
average 1 magnitude unit smaller than the mainshocks. This assumed value is the average of the
difference between the magnitudes of mainshock and aftershock events in a database of
approximately 2800 records that was used to select the ground motions used for nonlinear
dynamic analysis. While there are no specific rules governing the relative source-to-site distance
for mainshocks and aftershocks, for the DS-MS-AS set, the second ground motions in the



sequences are selected to have a larger source-to-site distance than the first. The effect of
‘parent’ and ‘children’ correlation on aftershock collapse risk is evaluated by comparing the
results from the DS-MS-AS and SS-MS-AS record-pair sets. An evaluation of the effect of
parent-children on story drift ratio demands is also presented in Section 3.2.

The set of 25 TG-MS-MS record-pairs consists of two mainshock ground motions. The
second ground motion is from mainshock events that are on average 1.0 magnitude unit smaller
and at the same time larger in distance than those of the first. Comparing the results from the SS-
MS-AS and TG-MS-MS record-pair sets informs whether using mainshock ground motions as
both records biases computed EDPs. If these two sets yield comparable results, the more
comprehensive databases of mainshock ground motions can be used to assemble record-pairs,
provided that an appropriate mainshock-aftershock magnitude and distance relationship is
applied.

The SS-MS-AS set takes aftershock ground motions from the same event sequence as the
mainshock. As such, this is the option in Table 2-1 that most reliably conforms to reality, and is
the benchmark against which the two other schemes can be compared.

All record-pairs were selected such that the empirical probabilistic distributions of R, Vg3,
and ¢ values of the second-event ground motions are similar across the four sets. As discussed
before, this ensures that observed differences in seismic response are not due to differences in
these ground motion characteristics. The empirical cumulative distribution functions (CDF) of R,
Vs30 and e for the second-event ground motion in the four record-pair-sets are compared using
the two-sample Kolmogorov-Smirnov (KS) test [31]. A statistical hypothesis test is performed
where the null hypothesis is that the R, Vi3, and & values in any two sets follow the same
empirical CDF. The output of the tests is expressed in the form of a p — value, which
corresponds to the probability that the R, V3, and & values for two suites of ground motions are
from identical probabilistic distributions. A p — value of 5% is used as the acceptable margin
[25]. If the p — value obtained from the hypothesis test falls below 5%, then the difference
between the R, V¢35, and & values of the records is deemed significant. A summary of the results
from the KS-tests is shown in Table 2-2. As illustrated, almost all p — values among the four
sets of record-pairs are greater than 5%, confirming similarity in the distributions of R, V3, and

E.



Table 2-2. Summary of p — values from KS-Teston R, V3¢ and &

Record-Pair rValues from KS-Test
Sets SS-MS-AS DS-MS-AS TG-MS-MS MS-MS
Viso | R e |V | R e |V | R e |V | R e
SS-MS-AS 1.001 1.00/ 1.00/0.88/0.99/0.411 0.41] 0.24] 0.41] 0.88] 0.06] 0.12
DS-MS-AS 1.00]1 1.00] 1.00] 0.03] 0.12] 0.65| 0.12( 0.06{ 0.24
TG-MS-MS 1.00{1.00| 1.00( 1.00] 0.24 0.88
MS-MS 1.00{ 1.00] 1.00

Figure 2-2a compares the magnitude versus distance distributions for the second-event
ground motion in the four record-pair sets used for response history analysis. The upper and
lower bounds on M is 5.6 and 7.6 respectively. The median spectra of the second-event ground
motion in the record-pair-sets are compared in Figure 2-2b. The spectral values of the second-
event ground motion in the TG-MS-MS set are generally higher than the aftershock ground
motion in the SS-MS-AS sets up to a period of about 2.0s, beyond which the spectral values of
aftershock records approach or exceed those of the mainshocks. This observation is consistent
with the trend predicted by the Chiou and Young GMPE [29]. This is an interesting observation
given that M for the TG-MS-MS records are generally higher than those of the SS-MS-AS set.
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Figure 2-2. Comparing a) the magnitude versus distance distributions and b) the median response spectra
of the second-event ground motions in the four record-pair sets

As noted previously, one of the objectives of this work is to investigate the impact of

mainshock-aftershock ground motion correlations on structural response EDPs. This is facilitated



by the SS-MS-AS sequence, which implicitly contains these correlations, whereas others do not.
To investigate the impact of SS-MS-AS correlation on EDPs, we develop subsequently (Section
3.2) a prediction equation for maximum story drift ratio (SDR). By examining event-specific
residuals relative to this prediction equation, we examine the impact of the correlation between
parent and children events [20] on SDR values for the five RC buildings.

To support development of the EDP prediction equation, we utilize SDR values obtained
using a separate set of ground motions from those used in the sequence analyses (Table 2-1). For
this application, we selected 620 ground motions from the NGA-West2 database, recorded from
17 parent mainshock events and their associated 27 children aftershocks as well as a set of 474
mainshock-mainshock ground motions. All of the records have M > 4.5 and Rj, < 100 km. The

methodology used to interpret EDPs derived from these time series is presented in Section 3.2.

2.3 Nonlinear Response Spectra for Ground Motions used for Mainshock-Aftershock
Seismic Performance Assessment

A linear response spectrum provides insight into the frequency content of a ground motion.
However, it is well known that the displacement demand in a nonlinear SDOF could be
significantly larger than that of a linear SDOF when subjected to the same ground motions [32-
35]. Past studies on the dynamic response of SDOFs have shown that the ratio of maximum
displacements in nonlinear and linear SDOFs (C,,) can significantly exceed unity at short periods
and for highly ductile systems [33-36]. Moreover, the response of nonlinear SDOFs are more
representative of the behavior of nonlinear MDOF structures. In light of this, constant-ductility
inelastic response spectra [37] of elastic-perfectly plastic (EPP) SDOFs, shown in Figure 2-3, are
used to compare the response demands from the second ground motion in the SS-MS-AS, TG-
MS-MS and MS-MS record-pairs. The ductility factor (u) is defined as the ratio of the
maximum displacement in the EPP SDOF to its yield displacement from response history
analysis. The nonlinear pseudo acceleration (Ay) is defined as A,, = a),%uy [37], where w,, is the
yield displacement of the nonlinear SDOF.

The normalized A, spectra in Figure 2-3 suggest that as u increases, the point at which the
spectral values of the aftershock ground motions exceed those of the mainshocks shifts towards
lower periods. If the equal displacement rule holds, a higher ductility factor means that yielding

in the SDOF happens at lower intensities. Consequently, because of period elongation, such a



system would be more sensitive to the low-frequency contents of the records where, conditioned
on similar M, R, V3, and ¢, the spectral demand in aftershock ground motions are expected to be
higher than those of mainshock records. This implies that structural systems with higher levels of
ductility (as it is the case with most modern code-conforming frame structures) and moderate to
long periods are more likely to undergo higher seismic demands when subjected to aftershock
ground motions compared to mainshock records. The constant-ductility median response spectra
of the second records in the SS-MS-AS and MS-MS sets are also compared in Figure 2-3. Even
though the second-event ground motions in the SS-MS-AS set are on average 0.4 M smaller than
those in the MS-MS set, the median A,, values from the former approach the latter at periods
above approximately 2 seconds. In Section 3.3.2 we will examine the implications of these
observed differences in the characteristics of mainshock and aftershock ground motions on the
seismic performance of the five RC frame buildings.

s| —SS-MS-AS 1od —SS-MS-AS
107 .- DS_MS-AS ---DS-MS-AS \
---TG-MS-MS n = 1 ___IAGS_ll\\/Iﬂz_MS o U= 8 N
MS-MS L -
N : ‘ ‘ 10 : \ ‘
o 10° 10 107 10 10
Period (s) (a) Period (s) (b)

Figure 2-3. Comparing the median constant-ductility response spectra for the second ground motions in
the SS-MS-AS, DS-MS-AS, TG-MS-MS and MS-MS record sets for SDOFs witha) u =1 andb) u = 8



3 MAINSHOCK-AFTERSHOCK STRUCTURAL RESPONSE AND
SEISMIC PERFORMANCE ASSESSMENT

The mainshock-aftershock structural response and seismic performance of a set of RC moment

frames is assessed in this section. The goal is to quantify the effects of different record-pairs on

story drift demands, collapse risk and vulnerability.

3.1 Building Descriptions and Structural Modeling

Five modern, code-conforming RC moment-resisting frame buildings are used for this study. The
buildings and structural models, adopted from Haselton [38], include 2-, 4-, 8-, 12- and 20-story
RC moment frames designed based on the provisions of ASCE 7-05 [39] and ACI 318-02 [40]
for a high seismicity site in Los Angeles. The buildings were chosen to incorporate a broad
period-range to evaluate whether the effects of alternate record-pairs varies across structure
periods. The seismic response of the 2-story, and to a lesser extent the 4-story, structure is mostly
influenced by the high frequency energy of ground motions due to their low first-mode period
(T;). A broader range of frequencies influence the response of taller buildings because of their
high T; and the presence of significant higher-mode effects. 2-D numerical models of the
buildings developed by Haselton [38] in the OpenSees platform [41] are utilized for the
nonlinear dynamic analyses. Each model consists of three bays of moment-resisting RC frames.
The destabilizing effect of the tributary loads on the gravity frames are included througha P — A
column. The beams and columns are modeled as elastic elements with nonlinear flexural hinges
that incorporate a trilinear backbone curve and hysteretic rules developed by Ibarra et al. [42].
Figure 3-1 shows a schematic layout of the numerical model. Table 3-1 summarizes the design

information as well as the periods of the first two modes of each building.
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Figure 3-1. Schematic illustration of the numerical model of the archetypes used for nonlinear dynamic
analyses (after Haselton et al. [43])

Table 3-1. Base shear coefficients and periods of the first two modes of examined buildings

Building ID*  Number of c,P Csy© Period (seconds)
stories 1% mode 2" mode
2064 2 0.125 0.392 0.66 0.18
1003 4 0.092 0.143 1.12 0.33
1011 8 0.050 0.077 1.71 0.57
1013 12 0.044 0.075 2.01 0.68
1020 20 0.044 0.070 2.63 0.85

®From Haselton [38]
® Design base shear coefficient
“Yield base shear coefficient

3.2 Impact of correlation between ‘parent’ and ‘children’ events in a seismic sequence on
SDR

In this section, we examine the possible impact of correlation between ground motions from
parent mainshock events and their and children aftershock events. Correlation effects have been
observed previously on ground motion intensity measures [20]; the present focus is on the
maximum SDR of the RC moment frame structures subjected to ground motions from those
event sequences.

Section 2.2 described record selection for this investigation, which produced 620 recordings

from 17 parent mainshocks and 27 children aftershocks and a separate set with 474 only-



mainshock ground motions from 18 events. SDR is computed for each nonlinear response history
analysis using the five structure models. For a given structural model, we relate the natural log of
SDR to the independent variables of moment magnitude (M), closest distance to surface
projection of fault (Rjg), site parameter (Vs3p) and dummy variables related to fault type (1 for
strike slip, 2 for normal slip and 3 for reverse slip) using the following expression (partially
adapted from Boore and Atkinson [44]):

In(SDR) = ¢;(M — 6.6) + ¢,8S + c3NS + c4RS + c5 ( ’R,%up + h? — 1)
(1)
+ ¢ (ln( /R%up + h? — 1>) + ¢ In(Vg30/760)

where SDR is the geometric mean of the two SDRs obtained for the two perpendicular
components of the ground motion and c;_, and h are the coefficients that are to be found
through regression analysis. .... The regression was performed using the two-step regression
procedure of Joyner and Boore [45], [46], which provides for an event-specific mean misfit,
which is similar to an event term in a GMM developed using mixed effects regression. The mean
misfit in this case is referred to as the between-event SDR residual, §Wspr. Note that §Wspr is
an event property, and as such represents the average misfit of the recordings from that event
(used for the present analyses) relative to the model in Equation 1. Figure 3-2 shows the
predicted maximum SDR values from Equation 1 for the 2- and 20-story buildings as a function
of distance for three magnitudes. The predicted values are for a strike slip fault and V3, =
760 m/s.

— M=55
- -M=65
) ---M=75
10k 10 B .
x iy IS AN
Q 10} -8l oSG
%) c% 10 YT
) } \
-5 -5
10 : : ! 10 : : :
107" 10° 10’ 10° 107" 10° 10' 10°
R, (km) (a) R, (km) (b)

Figure 3-2. Trends between maximum SDR and distance for three different magnitudes and a)
2-story and b) 20-story buildings



Table 3-2 summarizes coefficients c¢;_, and h obtained through regression analysis on the SDR
prediction equation presented in Equation 1. Figure 3-3 shows the intra- and inter-event residuals

for the 2- and 20-story buildings obtained in the first and second stages of the two-step
regression analysis described in Section 3.2.
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Figure 3-3. Intra and inter-event residuals obtained from the two-stage regression analysis on the 2- and
20-story buildings

Table 3-2 Regression coefficients of Equation 1

Building cq cy c3 Cy Cs Co cy h
M<66M>6.6

2-Story 1486 0255 5990 5484 5695 0.037 24211 -3574 -0.617

4-Story 1596 0510 -0.637 -1.093 -1.078 0.007 12.416 -1.543 -0.775

8-Story 1563 0585 -3459 -3.810 -3.964 -0.009 4355 -0.693 -0.963

12-Story 1640 0.699 -1.685 -2.096 -2.154 0.003 10.548 -1.392 -1.018

20-Story 1.743 0.762 2918 2481 2467 0.026 20.120 -2.915 -1.005

We investigate correlation between EDPs produced by mainshock vs aftershock ground

motions by computing correlation coefficients between §Wspr terms for parent mainshocks and



their respective children aftershocks. Results of these analyses are provided in Table 3-3, which
indicates correlation coefficients between 0.10 and 0.35 for the various structural models. To
provide a baseline against which these correlations can be compared, we use the second set of
474 mainshock 8Wspr terms from 17 events as follows: (1) calculate §Wgspr from mainshocks;
(2) split the set of 17 events into six parent and eleven children events; (3) each parent event will
be assigned two children events; and (4) calculate the correlation coefficient of the paired values
from Step 3. The resulting correlation coefficients, shown on the right side of Table 3-3, range
from 0.0-0.20 and are always lower than those for the properly paired MS-AS events. The large
differences observed in the two sets of correlation coefficients indicate that correlation of parent-
to-child event ground motions is an important factor at the EDP level. This suggests that DS-MS-
AS and TG-MS-MS pairings, which would not be expected to preserve this correlation structure,

may be problematic. This is explored further below.

Table 3-3. Correlation coefficients between actual and randomly-assigned ‘parent’ and mean
‘children’ SDR event terms

Correlation coefficient between SDR event terms

Buildin

J Actual Randomly-assigned
2-story 0.07 0.10 (0.0)
4-story 0.24 0.26 (0.10)
8-story 0.31 0.35(0.19)
12-story 0.24 0.25(0.1)
20-story 0.14 0.15 (0.02)

3.3 Collapse performance assessment

3.3.1 Methodology

Buildings that have been subjected to a mainshock event and sustained structural damage are
usually not repaired during the short period immediately following the mainshock when the rate
of aftershocks is highest. This, coupled with the accumulation of structural damage under
successive aftershock events, results in a significant uncertainty regarding the state of a structure
when subsequent aftershocks occur. The Markov process [47, 48] accounts for this uncertainty in

the state of the structure. Each element P;; of the Markov transition matrix in Equation 2 is the



probability of transitioning from damage state i when the building is subjected to a seismic event

to damage state j under the successive earthquake.

P11 P12 Plr
n=|9 fz= 7 Ffa @
0 0 - P,

Damage states become incrementally more severe as the index of the transition probabilities
increases. The Markov transition matrix in Equation 2 is of the upper triangular form as no repair
measure is assumed to take place to restore the building to a less severe damage state during the
time the building is subjected to aftershocks. The last element in each row in Equation 2
represents the probability of the most extreme limit state, which herein is defined as collapse.

Each element P;; in Equation 2 can be obtained through Equation 3.

P; = f (PZP[EDP > edp;|IM] — PP, [EDP > edpjyq|IM])d Ay (im) 3)

In Equation 3, the integrand is the probability of the structure being in damage state j given
that it has already experienced damage state i when subjected to the previous event. A;,, is the
mean rate of exceedance of the intensity measure (IM) that links the response of the building to
the seismic hazard at the building’s location and can be obtained through aftershock probabilistic
seismic hazard analysis (APSHA) [9]. The rate of aftershocks decays with the time following the
mainshock [21]. APSHA utilizes a nonhomogeneous recurrence Poisson process with a rate that
accounts for the temporal decay in the rate of aftershocks in lieu of a time-independent
recurrence assumption made by the conventional PSHA [9]. The time-variant rate of aftershocks
implies that, in the aftershock environment, the P;; term in Equation 3 will be a function of the
elapsed time since the mainshock’s occurrence. Consequently, the Markov transition matrix in
Equation 2 is also time-dependent.

An implicit assumption in Equation 3 is that, during the time window for which the
performance is being evaluated, the likelihood of more than one event triggering the damage
state transition is negligible. Therefore, use of Equation 3 in the post-mainshock environment
requires discretization of time into sufficiently short intervals such that no more than one

aftershock is likely within each interval. At time step m following the mainshock, the probability



that the structure is in damage state j given that damage state i has already occurred under the

mainshock is equal to the element on row i and column j of matrix P™ in Equation 4.

pP™ = ﬁni (4)

Evaluation of seismic performance without conditioning on the occurrence of a mainshock
(i.e, in the pre-mainshock environment) must account for uncertainties in the occurrence of the
mainshock as well as the state of the structure following the mainshock. This can be done by
multiplying the limit state transition matrix in Equation 4 by a vector of PMS values as illustrated
in Equation 5. The vector of P values represents the probability of the structure being in
damage state i,i = 1, ..., under mainshock ground motions. The elements of the vector P** can
be calculated by integrating building fragility curves obtained by subjecting the building to
mainshock ground motions (PJ3[EDP > edp;|IM] — PLS[EDP > edp;.,|IM] in Equation 6)

together with the seismic hazard curve obtained through mainshock PSHA (4;,, in Equation 6).

m
P™ = (P}"S,...BMS) 1_[ I (5)
i=1
P = [ (PRSIEDP > edpi M) — PESIEDP > edpiss |IMD A (i) ©)

Figure 3-4 presents the mainshock and aftershock seismic hazard curves developed for a
hypothetical point site located within 10 km of a 5-km-long line fault with a rate of 0.1 events
per year [49]. The aftershock hazard curves are calculated using the APSHA methodology
formulated by Yeo and Cornell [9] while the mainshock hazard curves are obtained through
conventional PSHA [50]. The APSHA hazard curves are calculated for a time window of one
year following the mainshock. The IM utilized for the hazard analyses is the spectral acceleration
at the first mode period of the structure being examined (Sa(Tl)). The parameters that define the
spatial distribution of the earthquake magnitudes as well as the temporal decline in the rate of
aftershocks are adopted from generic California model by Reasenberg and Jones [51]. The
largest aftershock is assumed to be identical to its causative mainshock in magnitude. A
magnitude range of 5 to 7 is assumed for the mainshocks. The minimum magnitude is taken as 5
since events with smaller magnitudes are not likely to induce notable damage in code-

conforming structures.
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Figure 3-4. (a) Mainshock and b) Aftershock hazard curves for the five studied structures

To obtain collapse fragility curves for the five buildings, we begin by performing nonlinear
response history analyses on the structural models using the first ground motion in each record-
pair. The goal of this step is to induce a certain level of SDR in the structure. Four incrementally-
increasing damage states, as well as the intact state under the first ground motion in each pair,
are targeted. These states range from intact to 5% maximum story drift ratio (SDR;p1). The five
SDR), Values serve as proxies for the possible states of structural and non-structural damage
under a mainshock ground motion. Table 3-4 summarizes examples of structural and non-
structural damage states associated with each of the SDR,,, values. These four levels of SDR
values together with the intact state also serve as the possible damage states that the building
could be in under each of the ground motions in a cluster of seismic events before collapse
occurs. In other words, they are necessary for populating the elements of the Markov transition
matrix in Equation 2. Collapse state is defined as the point of dynamic instability.

PP3 values required as input to Equation 6 are obtained by fitting a lognormal fragility curve
to each of the five damage states [52]. Next, we perform nonlinear response history analysis
using the second ground motion in the record-pairs, to obtain the post-mainshock capacity of the
damaged building for each of the maximum SDR,; values from the previous step. The second-
event ground motions are scaled to twelve different S, (T;) levels. These S, values, together with
the maximum SDR values obtained by subjecting the building to the scaled aftershocks, are used
to estimate the fragility curves needed to compute the P’*[EDP > edp;|IM] in Equation 3 using

2]
the method described in Baker [53].



Table 3-4. Limit state description

SDR Damage state description*

1% Severe cracking in partition walls, cracking in floor slabs

2% Minor damage in beams and columns

2.75% Concrete cracking and spalling in beams and columns

5% Significant concrete spalling, fracture or buckling in longitudinal reinforcement,

punching shear failure in slabs

'From Haselton et al. [54] and FEMA P-58 [5]

3.3.2 Outcomes of nonlinear dynamic analyses under the sets of sequential ground
motions

In this section we compare the outputs of nonlinear dynamic analyses performed on the five
structures subjected to the four sets of mainshock-aftershock records shown in Table 2-1. Our
objectives are to examine the impact of correlation between parent and children event on seismic
performance as well as to evaluate whether appropriately selected mainshock records can be
used as the second ground motion in a sequence. Following the TG-MS-MS protocols, such
record pairs can be selected to maintain the appropriate magnitude and distance relationship
between the first and second ground motion (details in Table 2-1). SS-MS-AS record pairs
comprise actual mainshock-aftershock ground motion sequences and serve as the benchmark
against which other options are compared. The outcomes of the nonlinear dynamic analyses
under the four ground motions are contrasted in two different contexts. First, we compare the
drift profiles of each building obtained by subjecting it to the second-event ground motions in the
four record-pair sets. Variations in drift profile along the height are a function of both the
dynamic properties of the structure as well as the frequency content of the ground motion being
examined. As such, differences in the drift profiles under the second event ground motions will
reflect the differences in the frequency content of mainshock and aftershock ground motions.
Most structures that conform to modern seismic design guidelines can withstand a major
seismic event without experiencing extensive structural damage that would lead to collapse.
Thus, most studies done on evaluating collapse performance of code-conforming buildings under
as-recorded ground motions have used a scaled version of the strong records available in the
current databases of ground motions. Later in this section, we also address how scaling the
ground motions in the four record-pair sets and the subsequent changes in their frequency

content would impact the outcomes of collapse performance assessment.



Figure 3-5 compares the median drift profiles obtained by subjecting each of the five studied
buildings to the unscaled second event ground motions in the four record-pair sets described in
Section 2.2. For all buildings, the second event ground motions of the MS-MS set induce higher
displacement demands compared to the other three record sets. The 2-story building experiences
significantly higher drift demands when subjected to the MS-MS set. This is not surprising given
that the dominant spectral content of the MS-MS ground motions corresponds to periods closer
to the first mode period of the 2-story building when compared to the remaining three sets
(Figure 2-3). In general, the median drift profiles under the SS-MS-AS, DS-MS-AS and TG-MS-
MS sets are not notably different. This observation is somewhat expected given the proximity of
the dominant frequency contents of the second event ground motions in these three record sets at
periods close to the first mode of dynamic response or higher modes (which become more
influential in the taller buildings). The amplification of higher modes of response under the
stronger content of the MS-MS set at periods close to those of the higher modes of response
(Table 3-1) can be observed in the median drift profiles of the taller buildings shown in Figure
3-5c-e. In the 8- 12- and 20-story buildings, where the presence of higher modes is more
significant, the SDR at the higher stories where higher modes are more influential is higher when

the buildings are subjected to the second ground motions in the MS-MS set.
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Figure 3-5. Comparing median drift profiles under the unscaled second event ground motions in the four
record-pair sets for the five studied buildings

The focus of the rest of the current section is placed on comparing the collapse performance
of the five RC frame buildings under the four record-pair sets. Figure 3-6 shows the collapse
fragility curves for the 4- and 20-story structures using the SS-MS-AS ground motions. As
described in Section 3.3.1, these fragilities are based on scaling of the aftershock ground motions
until a collapse state is achieved in the numerical model. The ‘intact’ results in Figure 3-6
represent a condition of no damage from the mainshock (all damage results from aftershocks).

The other results in Figure 3-6 represent varying levels of mainshock-damaged states as



represented by SDR,, values ranging from 1-5%. Median collapse capacities (Sa.,;) for the
intact structures are 0.70g and 0.40g for the 4- and 20-story buildings, respectively. As expected,
performance worsens (Sa,; decreases) as SDR;,,, increases. These reductions are appreciable

(factors of 2 to 4) for the most severe damage state, (SDR;p1 = 5%).
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Figure 3-6. Collapse fragility curves for the intact and incrementally-increasing mainshock-damaged
states for the (a) 4- and (b) 20-story structures under the SS-MS-AS set

Figure 3-7 compares the collapse fragility curves for the 2- and 20-story structures under all
four ground motion sets. In both buildings, collapse is more likely when response history
analyses are done using the ground motions in the SS-MS-AS set whereas the MS-MS set results
in the lowest collapse likelihoods. This observation might seem counterintuitive at first glance
given the stronger spectral content of the MS-MS set in Figure 2-3b and the higher displacement
demand that the second event ground motions in the MS-MS set found to be likely to induce in
the studied buildings. However, the trends seen in Figure 3-7 can be better explained when the
impact of the scaling scheme used in collapse analysis on the spectral content of the ground
motions is considered. We will further discuss the impact of scaling the ground motions on the

outcomes of nonlinear dynamic analyses when we compare life service collapse risk under the

four record-pair sets.
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Figure 3-7. Collapse fragility curves of (a) 2- and (b) 20-story structures under the four record-pair sets in
the intact state after the first event ground motions

We next turn to the question of collapse probabilities derived by convolving the fragility
curves from Figure 3-6 with hazard curves for the example hypothetical site (Figure 3-4). We use
an assumed lifespan of 50 years for the five buildings, with the results in Figure 3-9, Figure 3-10
and Figure 3-11. The collapse probability at each time step is obtained using the Poisson
distribution in Equation 7, where the rate of the collapse limit state (1.) is obtained through
Equation 5. An underlying assumption in Equation 7 is that the building will be restored to its
pre-damaged state after an event sequence (mainshock and the following aftershocks). In other
words, while the state of the building under successive aftershocks is modeled probabilistically,
its state before the occurrence of the next cluster of mainshock and aftershock events is modeled

deterministically. Based on this assumption, the probability of collapse is computed as:

P.=1—e AT (7

Recall from Section 3.3.1 that the post-mainshock collapse capacity is obtained by first
scaling the second event ground motions to twelve S,(T;) levels and then subjecting the
buildings to the scaled records. To better visualize the relative scale factors required to anchor S,
of the second event ground motions to the relevant values for the four record-pair sets across
different periods, Figure 3-8a presents the ratio of the linear S, under the SS-MS-AS set to the
linear S, values calculated under the remaining three sets of ground motions. As a measure of
the relative strength of the spectral content, Figure 3-8b compares the ratio of the nonlinear
pseudo acceleration (4,) under the second event ground motion of the SS-MS-AS set to the

remaining three sets for a ductility factor of 8. The relevance of the ground motion scale factors



(Figure 3-8 a) and the impact on the dominant frequency content of the ground motion (Figure

3-8b) is described in subsequent paragraphs.
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Figure 3-8. Ratio of (a) linear and (b) nonlinear spectral accelerations of the second event ground
motions in the SS-MS-AS set to the remaining three sets

The collapse probability (PC) values shown in Figure 3-9 indicate that the studied buildings
are in general more likely to collapse under the SS-MS-AS set compared to the DS-MS-AS set.
Figure 3-9a suggests that the DS-MS-AS set would generally require larger scale factors to be
anchored to a common spectral acceleration with SS-MS-AS. Larger scale factors mean that,
whereas, when scaled to a common S, value at a target period both DS-MS-AS and SS-MS-AS
would have an identical spectral value at that target period, the contents of the DS-MS-AS set is
likely to be more significantly amplified at periods lower and higher than the target period. The
target period is usually taken as the initial first mode period of the structure being examined. In a
nonlinear structure, the role of longer periods in the dynamic response becomes more important
as nonlinearities in the response shifts the period of the first mode to higher values. Depending
on the dynamic characteristic of the structure, higher modes of response with periods smaller
than that of the first mode could also have a significant influence on the seismic response.

The larger scale factors associated with the DS-MS-AS set at the first modes of response of
the five studied buildings is mostly offset by the stronger content of the SS-MS-AS set as
illustrated in Figure 3-9b. Consequently, the P, values obtained by subjecting the buildings to
the SS-MS-AS set are generally higher than those obtained under the DS-MS-AS set.
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Figure 3-9. Comparing P for an assumed lifespan of 50 years for a) 2- and 4-story and b) 8-, 12- and 20-
story buildings under the SS-MS-AS and DS-MS-AS sets of ground motions

Figure 3-10 compares P, for the five structures subjected to the SS-MS-AS and TG-MS-MS
record sets. For the 2-story building (Figure 3-10a), the two record-pair sets yield almost
identical P, values. This result can be understood by the similarities in both the ratio of linear
spectral values at the first mode period of the 2-story building in Figure 3-8a as well as the
nonlinear response spectra for the SS-MS-AS and TG-MS-MS record sets for periods < ~2
seconds (Figure 2-3). Recall from Table 3-1 that the first mode period of the intact 2-story
structure is 0.66 seconds, which even after lengthening is unlikely to exceed the range where the
nonlinear spectra significantly differ. The 4-story building (initial T; = 1.12 sec) would be
expected to have a dynamic response at the collapse level that is controlled by portions of the
nonlinear spectra where the SS-MS-AS set is stronger than the TG-MS-MS set. The stronger
content of the SS-MS-AS set is further amplified by the higher scale factor required to anchor its
linear S, at T = 1.12s to an identical value with TG-MS-MS set (S, (T = 1.12s) is smaller for
the SS-MS-AS set in Figure 3-8a). Consequently, as shown in Figure 3-10a, the collapse risk will
be higher in the 4-story building when collapse analysis is done using the record-pairs of the SS-
MS-AS set.

Figure 3-10b shows that the trends between P, obtained under the SS-MS-AS and TG-MS-
MS sets for the 8- and 12-story buildings follow a similar trend to what observed before for the
4-story building. The observed trends for the 8- and 12-story buildings can be explained in the
similar background as that used to compare P, under the SS-MS-AS and TG-MS-MS sets for the
4-story building. The P, values obtained by subjecting the 20-story building to the record-pairs



in the SS-MS-AS and TG-MS-MS are less different. The SS-MS-AS nonlinear spectrum is
stronger at periods closer to the initial and elongated first mode periods of the 20-story building.
However, a larger scale factor is associated with the TG-MS-MS set in Figure 3-8a at T; =
2.63s. This, together with a combination of a more significant presence of higher modes in the
dynamic response of the 20-story building and the proximity of the contents of the ground
motions in the two record sets at short periods close to those of the higher modes (Figure 3-8b)
results in closer P, under the SS-MS-AS and TG-MS-MS sets in the 20-story building.
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Figure 3-10. Comparing P for an assumed lifespan of 50 years for a) 2- and 4-story and b) 8-, 12- and
20-story buildings under the SS-MS-AS and TG-MS-MS sets of ground motions

The P, values obtained from the SS-MS-AS and MS-MS record sets are compared in Figure
3-11. Over the 50 years of service life, collapse is more likely when the buildings are subjected
to the SS-MS-AS set as compared to MS-MS. At first glance, this is in contradiction with the
trends in Figure 2-3b where the nonlinear spectral values of the MS-MS are higher than or in the
proximity of those associated with the SS-MS-AS. However, Figure 3-8a suggests that the
factors required to scale the spectral accelerations of both sets to a common value are much
larger for the SS-MS-AS set compared to the MS-MS set. Given that, as period increases, the
nonlinear response spectra of both sets (Figure 3-8b) start to converge faster compared to the
linear response spectra used to compute the scale factors (Figure 3-8a), a higher scale factor for
the SS-MS-AS records means that the scaled second event ground motions in this set will be
stronger than those in the scaled MS-MS set. The difference between P, under the two sets is
more significant in the 4-story building where its relatively low initial first mode period results in

a much larger scale factor under the SS-MS-AS set whereas its elongated first mode period



would place it in a point where the nonlinear scaled contents of the SS-MS-AS set are likely to
far exceed those of the MS-MS set. The P, plots under the two sets are less notably different for
the 2-story building where its low first mode period means that, despite having larger scale
factors for the SS-MS-AS ground motions, its dynamic response is mostly influenced by the
contents with frequencies where the MS-MS set is notably stronger than the SS-MS-AS set. The
P, values show less variation between the SS-MS-AS and MS-MS sets in Figure 3-11b for the 8-
, 12- and 20-story structures. This is not surprising given the closer scale factors for both sets at
higher periods associated with first mode periods of these buildings and the more significant
presence of higher modes with lower periods in the dynamic response of the taller buildings
where the energy content of the MS-MS set is stronger than the SS-MS-AS set.
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Figure 3-11. Comparing P, for an assumed lifespan of 50 years for a) 2- and 4-story and b) 8-, 12- and
20-story buildings under the SS-MS-AS and MS-MS sets of ground motions



4 SUMMARY AND CONCLUSION

A key to obtaining realistic assessments of the seismic performance of structures from nonlinear
dynamic analysis is the proper selection of the ground motions. The selected records must, as
much as possible, reflect the ground motions that the structure is most likely to experience during
its service life. In the absence of systematic guidelines for selecting record-pairs for seismic
performance assessment under sequential ground motions, using mainshock ground motions as
both records in ground motion pairs has become a common practice. However, evidence from
past studies on the differences in the frequency content of mainshock and aftershock ground
motions casts doubt on the accuracy of such practice. In this study, we investigate the impact of
two main issues related to mainshock-aftershock record selection: (1) how the frequency
contents of mainshock and aftershock events differ, and (2) the presence of correlation in parent
mainshock to child aftershock ground motions. The impact of both of these issues on
displacement demand and collapse probabilities are illustrated for structures having a range of
heights (2 to 20 stories).

Notable differences in the frequency content of mainshock and aftershock ground motions
are observed when the inelastic response spectra of 100 records are compared. The mainshock
ground motions are found to contain richer frequency content at lower periods while the
aftershock records show higher spectral values at higher periods. Such observations are
consistent with predictions of some prior ground motion models. These differences in frequency
content produce notable differences in displacement demand and collapse capacities obtained
from a benchmark mainshock-aftershock record set and three sets of record-pairs complied using
alternative approaches. The difference in the dynamic response of the studied buildings was
found to be influenced primarily by the frequency content differences between the record-pair
sets near the first mode period of the structural models, and to a lesser extent by frequency
content differences near higher mode frequencies.

Past studies have reported a mild correlation between the event terms of the ground motions
recorded from parent and children event. We demonstrate this effect as strongly present in the
displacement-based EDP of maximum SDR. The strong difference observed in the SDR event
terms from randomly-assigned and actual parent and children events indicates that the SS-MS-

AS record-pair selection approach is preferable to the DS-MS-AS approach.



Based on the findings presented here, we recommend that the current practice of using pairs
of mainshock-mainshock ground motions for nonlinear dynamic analysis be discontinued. We
recommend use of SS-MS-AS record sets, which places a premium on documentation of
aftershock ground motions following major events as ground motion databases continue to

expand and develop.
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